The evolution of the IGF binding protein (IGFBP) gene family has been difficult to resolve. Both chromosomal and serial duplications have been suggested as mechanisms for the expansion of this gene family. We have identified and annotated IGFBP sequences from a wide selection of vertebrate species as well as Branchiostoma floridae and Ciona intestinalis. By combining detailed sequence analysis with sequence-based phylogenies and chromosome information, we arrive at the following scenario: the ancestral chordate IGFBP gene underwent a local gene duplication, resulting in a gene pair adjacent to a HOX cluster. Subsequently, the gene family expanded in the two basal vertebrate tetraploidization (2R) resulting in the six IGFBP types that are presently found in placental mammals. The teleost fish ancestor underwent a third tetraploidization (3R) that further expanded the IGFBP repertoire. The five sequenced teleost fish genomes retain 9 -11 of IGFBP genes. This scenario is supported by the phylogenies of three adjacent gene families in the HOX gene regions, namely the epidermal growth factor receptors (EGFR) and the Ikaros and distal-less (DLX) transcription factors. Our sequence comparisons show that several important structural components in the IGFBPs are ancestral vertebrate features that have been maintained in all orthologs, for instance the integrin interaction motif Arg-Gly-Asp in IGFBP-2. In contrast, the Arg-Gly-Asp motif in IGFBP-1 has arisen independently in mammals. The large degree of retention of IGFBP genes after the ancient expansion of the gene family strongly suggests that each gene evolved distinct and important functions early in vertebrate evolution. The six human IGFBP precursors range in size between 240 and 328 residues and share a common structural organization with two conserved domains separated by a variable central region (Fig. 1) . The N-terminal domain contains the primary IGF-binding site, and the C-terminal domain is a thyroglobulin type-1 domain. Henceforth, the N-terminal domain will be referred to as the IGFBP domain and the C-terminal domain as the thyroglobulin type-1 domain. The IGFBP domain and the variable central region are each encoded by a single exon, whereas the thyroglobulin type-1 domain is encoded by two exons (Fig. 1) . The IGFBP domain has also been found in the so-called IGFBP-related proteins that bind IGF with very low affinity (4), and the thyroglobulin type-1 domain is present in a large number of proteins across metazoans,
M
ammals have six proteins that can bind with high affinity to the two insulin-like growth factors (IGFs), IGF-I and IGF-II. These binding proteins are called IGF binding proteins (IGFBP) and have multiple roles, such as increasing the half-life of the IGFs and preventing IGFs from binding to the insulin receptor (1, 2) . Some IGFBPs have been shown to possess biological effects independent of the IGF/IGF-I receptor (3) . The IGFBPs differ with regard to their interactions with a range of other molecules, including the acid-labile subunit (ALS), integrins, heparin, fibrinogen, and plasminogen.
The six human IGFBP precursors range in size between 240 and 328 residues and share a common structural organization with two conserved domains separated by a variable central region (Fig. 1) . The N-terminal domain contains the primary IGF-binding site, and the C-terminal domain is a thyroglobulin type-1 domain. Henceforth, the N-terminal domain will be referred to as the IGFBP domain and the C-terminal domain as the thyroglobulin type-1 domain. The IGFBP domain and the variable central region are each encoded by a single exon, whereas the thyroglobulin type-1 domain is encoded by two exons (Fig. 1) . The IGFBP domain has also been found in the so-called IGFBP-related proteins that bind IGF with very low affinity (4) , and the thyroglobulin type-1 domain is present in a large number of proteins across metazoans, including nidogen and the major histocompatibility complex class II invariant chain (5) . However, only IGFBP-1 through IGFBP-6 contain both of the conserved domains, and this type of IGFBPs have only been identified in deuterostomes.
The idea that the mammalian IGFBP genes may have been duplicated by chromosome doubling first emerged in 1993 when Lundin (6) noted that the human genes for IGFBP-1 and IGFBP-2 were present in the same regions as homeobox (HOX) gene clusters on human chromosomes 7 (HOXA) and 2 (HOXD). Sequence analyses indicated that a local IGFBP gene pair had arisen before the chromosome duplications, leading to IGFBP-1 and IGFBP-3 on Homo sapiens (Has)7 and to IGFBP-2 and IGFBP-5 on Hsa2 (7, 8) . Later, the IGFBP-4 gene was mapped to the HOXB chromosome Hsa17, and the IGFBP-6 gene was found to be syntenic with HOXC on Hsa12. Because many additional gene families were shared between the four chromosomes, this situation was proposed to result from the quadruplication of an ancestral chromosome (9) . Since then, opinions have shifted back and forth regarding a possible chromosome duplication scenario for this genomic region (10 -12) . There have also been propositions of even more complicated IGFBP duplication scenarios, based on other phylogenetic analyses. One study suggested that expansion took place through two genome duplications followed by two independent gene duplications or, alternatively, through three genome duplications followed by two gene losses before the split of ray-finned and lobe-finned fish (13) . Another analysis of the superfamily of proteins with an IGFBP domain favored no less than five independent duplication events (14) . It was not clear from this study how many positions were included in the sequence alignment used to construct the tree. Additionally, a published analysis presented an unrooted phylogenetic tree and concluded that the six IGFBP genes had evolved to different degrees from the postulated ancestral sequence (15) . The authors of this study emphasized that they did not challenge the model with an ancestral IGFBP gene pair that was duplicated in the two early vertebrate tetraploidizations. Our own investigations of multiple gene families on the HOX-bearing chromosomes, including the IGFBP family, found clear support for chromosome duplications in the two rounds of early vertebrate tetraploidization (2R) and evidence for additional duplicates arising in the teleost-specific third round of tetraploidization (3R) (16) . Furthermore, several new sequences have been reported for teleost fish (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , some of which were suggested to be duplicates that arose in the teleost-specific tetraploidization, whereas others have been proposed to correspond to IGFBP genes number seven and eight (15) , which seem to have been lost in mammals.
In the light of the now well-supported 2R (16, 27, 28) , and the teleost-specific 3R (29), we aimed to resolve the opposing interpretations regarding the evolution of the IGFBP family. We have identified what we believe is the complete IGFBP repertoire in the genome sequences of a large number of species, several of which had not been studied previously.
Materials and Methods

Database searches and identification of IGFBP genes
IGFBP family members were identified using the known human sequences IGFBP-1 through IGFBP-6 as queries for tblastn searches (30) on the Ensembl genome database (www.ensembl.org). The species investigated were the following: Homo sapiens (Hsa, human), Mus musculus (Mmu, mouse), Canis familiaris (Cfa, dog), Monodelphis domestica (Mdo, opossum), Gallus gallus (Gga, chicken), Taeniopygia guttata (Tgu, zebra finch), Silurana (Xenopus) tropicalis (Str, frog), Danio rerio (Dre, zebrafish), Oryzias latipes (Ola, medaka), Gasterosteus aculeatus (Gac, stickleback), Tetraodon nigroviridis (Tni, green-spotted pufferfish), Takifugu rubripes (Tru, fugu), and Ciona intestinalis (Cin, tunicate). Ensembl protein predictions representing the best BLAST hits were collected, and their chromosome locations were noted. Better sequence reads of short sequence predictions in the Ensembl database were searched using BLAST in the Entrez nucleotide database available at www.ncbi.nlm.nih.gov or manually curated from the genomic sequence with regards to consensus start and stop codons, splice donor and acceptor sites, and sequence similarity to known IGFBP family members. Additionally, the Branchiostoma floridae (lancelet) genome assembly version 2.0 (http://genome.jgi-psf.org/Brafl1/Brafl1.home.html) 
Sequence alignment and phylogenetic analysis
The final amino acid sequence alignment was created with the identified IGFBP family members, excluding frog sequences, using the ClustalW (31) function of Jalview 2.4.0 (32). The alignment was inspected in Jalview and edited manually. The final alignment used for phylogenetic tree construction is presented in Supplemental Fig. 1 . The alignment extends from the first cysteine of the IGFBP domain to the last cysteine of the thyroglobulin type-1 domain. Details on the alignment editing process can be given upon request. Two bootstrap-supported tree construction methods were applied on this alignment, neighbor joining (NJ) (33) and phylogenetic maximum likelihood (PhyML) (34) . The NJ tree (1000 bootstrap replicates) was constructed using ClustalX 2.0 (35) with standard settings, selecting the option to correct for multiple substitutions. The PhyML tree (100 bootstrap replicates) was constructed using the online execution of the PhyML 3.0 algorithm available at http://www.atgc-montpellier.fr/phyml/. ProtTest 1.4 (36) was used to select the amino acid substitution model. See the phylogenetic tree figure legends for detailed phylogenetic method settings. Both trees were rooted with a family member identified in the lancelet genome (see Results).
Identification of neighboring gene families
The epidermal growth factor receptor (EGFR/ERBB), Ikaros zinc-finger transcription factor, and distal-less homeobox (DLX) gene families have genes located in the vicinity of IGFBP genes on at least three of the human IGFBP-and HOX-bearing chromosomes: Hsa2, Hsa7, Hsa12, and Has17. Because independent analyses of their phylogenies have been reported, the chromosomal locations of these families in the Ensembl genome database were noted for the human, zebrafish, and stickleback genomes (see Supplemental Table 1) , and the reported phylogenies were compared with our phylogenetic trees of the IGFBP gene family to illustrate the evolution of this genomic region further.
Results
The IGFBP gene repertoire was identified in the genomes of a wide variety of species representing most vertebrate classes, as well as the urochordate C. intestinalis (tunicate) and the cephalochordate B. floridae (lancelet), representing early-diverging protochordate lineages. A complete listing of the identified IGFBP sequences, with accession nos. and chromosomal locations of their genes, can be found in Supplemental Table 1 . A summary of the gene repertoire in the different vertebrate species is shown in Table 1 . Many of the database entries were found to be incorrectly annotated, presumably due to suboptimal automatic exon predictions. Our manual curation of these sequences includes the correction of many erroneous splice sites deviating from consensus sequences and the removal of spurious additional exons in the variable region sharing no noticeable sequence identity between species. The amino acid sequence alignment that we constructed from the identified sequences was edited to align the cysteine residues in the two conserved domains, i.e. the IGFBP domain and the thyroglobulin type-1 domain. Both our NJ and PhyML analyses show that the IGFBP family in vertebrates consists of six distinct branch clusters that seem to have diverged from each other within a fairly short period of time in early vertebrate evolution, as confirmed by the species representation and outgroup analysis (Figs. 2 and 3). The NJ tree in Fig. 2 shows two main branches that are supported by high boostrap values. The PhyML tree in Fig. 3 also shows a high bootstrap value for the IGFBP-1, IGFBP-2, and IGFBP-4 branch; however, the support for the IGFBP-3, IGFBP-5, and IGFBP-6 branch is considerably lower. These two main branches contain genes that are located on the same chromosomes in all vertebrate species included in this study, IGFBP-1 and IGFBP-3 and IGFBP-2 and IGFBP-5, respectively (Table 1 and Fig. 4) , which is consistent with an ancestral IGFBP gene pair. In both trees, the two tunicate sequences cluster with the IGFBP-3, IGFBP-5, and IGFBP-6 branch, although the support is lower in the PhyML tree. The six IGFBP types have previously been reported in human and mouse. Our searches allowed identification of the six types also in the dog genome. Five of the types could be identified in the opossum genome; IGFBP-6 is missing from the available opossum genome database (Table 1 ). An additional partial IGFBP-5 sequence prediction was also identified in the opossum genome (marked with a hash sign in Table 1 and Supplemental Table 1 ). This sequence lacks introns, no IGFBP-domain could be identified in the 5Ј flanking genomic sequence, and a conserved cysteine is mutated in the thyroglobulin type-1 domain. Therefore, we assume it derives from a retrotranscribed mRNA and has become a pseudogene.
In the two bird genomes investigated, i.e. chicken and zebra finch, the genes IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-5 could be identified. Both of these genome data-
FIG. 3.
PhyML tree made from the alignment of the identified IGFBP family amino acid sequences. All amino acid substitution model parameters were estimated from the dataset, and the number of substitution rate categories was set to 8. The JTT model of amino acid substitution was applied based on estimation from the final alignment using ProtTest 1.4 (see Materials and Methods). The BIONJ algorithm was selected to estimate the random starting tree, and both the Nearest Neighbor Interchange (NNI) and Subtree Pruning and Regrafting (SPR) tree improvement methods were selected. Tree topology and branch length optimization options were also selected. Branch support is showed as bootstrap values out of 100 replicates. Species abbreviations are applied as described in Materials and Methods. Numbers next to species abbreviations represent the IGFBP type and the chromosome or genomic scaffold (numbers preceded by "sc") on which the gene is located. The identified lancelet sequence (see Results) was used to root the tree. Color coding is based on the chromosomal location of the genes in the human genome.
bases are missing IGFBP-6, suggesting that this gene has been lost early in the avian lineage. IGFBP-4 could only be identified in the zebra finch genome (Table 1) , which leaves open the possibility that this gene exists also in the chicken genome but is not represented in the available genome sequence assembly.
The five sequenced teleost fish genomes, taken together, display two coorthologs for five of the six mammalian IGFBP types. The only teleost fish gene that was not observed in duplicate was IGFBP-4 (Table 1 ). In the zebrafish and medaka genomes, nine IGFBP sequences were identified although not the same ones. The green spotted pufferfish and fugu genomes share the same repertoire of ten genes. Our previous analysis of the extended HOX gene regions (16) included three IGFBP-1 genes from fugu, but we now know that one of these was annotated twice in that version of the genome database. The largest number of IGFBP genes, 11, was found in stickleback. This means that the stickleback has lost only one gene copy after the teleost-specific tetraploidization (3R). Naturally, it is possible that these genome assemblies may miss IGFBP genes due to low sequence coverage.
Two tunicate sequences were identified in the available genome database. These correspond to two protein se- 
quence predictions in the National Center for Biotechnology Information (NCBI) Reference Sequence database (for accession nos., please see Supplemental Table 1 ), identified as putative IGFBP-5 sequences. As discussed later, our results suggest that they represent a lineage-specific duplication of an IGFBP-3, IGFBP-5, and IGFBP-6 ancestral gene. In the lancelet genome database, only one IGFBP sequence could be identified, using any of the six human IGFBP sequences as search queries. This sequence corresponds to a hypothetical IGFBP protein prediction in the NCBI Reference Sequence database (for accession no., please see Supplemental Table 1 ). These protochordate IGFBP genes contain both characteristic domains, the Nterminal IGFBP domain and the C-terminal thyroglobulin type-1 domain. However, the predicted central variable region was found to be highly divergent in the lancelet sequence and may require cDNA cloning for confirmation. The lancelet sequence was used as the outgroup to root our phylogenetic trees. Several of the identified IGFBP sequences lack one of the conserved protein domains partially or completely (marked with an asterisk in Table 1 and Fig. 4 as well as Supplemental Table 1 ) due to incomplete or faulty genome sequence reads, assembly problems, or possibly degeneration of the gene. However, the high sequence identities to other IGFBP sequences as well as the chromosome positions of these incomplete genes clearly establish them as members of the IGFBP family, although they were not used in the phylogenetic analysis to prevent artifacts.
We have compared several sequence motifs in the IGFBP amino acid alignment that mediate specific functions of the IGFBP or interactions with other proteins. In addition to a large number of highly conserved cysteine residues that form disulfide bridges, we have also identified consensus sites for Asn-linked carbohydrate, ArgGly-Asp (RGD) motifs that interact with integrin, cleavage sites for proteolytic enzymes, and a nuclear localization motif. They are discussed in detail below.
To explore the chromosome quadruplication scenario further, we have examined phylogenetic information for neighboring gene families on the four IGFBP-bearing chromosomes in the human genome. The phylogenies have been reported for two gene families that are represented on all four chromosomes, namely the EGFR (EGFR/ERBB) (37) and the Ikaros zinc-finger transcription factors (38) , and one family whose members are present on three of the chromosomes, the DLX genes (16). Our comparisons described below provide strong support for the chromosome quadruplication scenario in the time frame of the early vertebrate tetraploidizations (2R).
Discussion
The topologies of the phylogenetic trees (Figs. 2 and 3 ) corroborate our earlier findings that the IGFBP gene family shares its evolutionary history with the HOX clusterbearing chromosome regions (16) . The dataset presented here provides stronger support for the duplication of the IGFBP family in the early vertebrate tetraploidizations (2R) for several reasons: we now have better taxonomical representation in the phylogenetic trees, we have curated the sequences and edited the alignments to remove artifacts, and we have performed a complete likelihood maximization analysis (34) rather than a quartet-based likelihood approach (39) .
By combining the results from the sequence-based phylogenetic trees with the taxonomic distribution of orthologous sequences, and with information on the chromosomal locations of the genes in terms of conserved synteny (i.e. sharing the same chromosomal neighbors), we arrive at the following scenario: an ancestral chordate IGFBP gene underwent a local gene duplication resulting in a gene pair adjacent to a HOX cluster (Fig. 4) . Subsequently, 2R quadrupled the chromosome bearing the IGFBP pair, thus producing eight genes, after which one gene was lost from two of the pairs reducing the total number to six. This has resulted in the following situation in tetrapods, exemplified by human (Fig. 4) : the IGFBP-1 and IGFBP-3 genes are linked to HOXA on chromosome Hsa7, and the IGFBP-2 and IGFBP-5 genes are linked to HOXD on Hsa2. The IGFBP-4 gene is linked to HOXB on Hsa17, and IGFBP-6 gene is linked to HOXC on Hsa12. For full information on the locations of IGFBP genes, see Supplemental Table 1 . This scheme is supported by the fact that IGFBP-1, IGFBP-2, and IGFBP-4 are more closely related to each other, because they form a separate cluster from IGFBP-3, IGFBP-5, and IGFBP-6 in the topologies of both the NJ tree ( Fig. 2) and of the PhyML tree (Fig. 3) . Taken together, this argues for a local IGFBP gene duplication before 2R.
Teleost fish have undergone a 3R that doubled the IGFBP repertoire to twelve members whereupon differential losses occurred in different lineages. The five sequenced teleost genomes retain 9 -11 IGFBP genes (Table  1) . Only a single copy of IGFBP-4 was found in four of the fish species (zebrafish has none), indicating that the 3R duplicate of IGFBP-4 may have been lost before the teleost radiation (Table 1 and Fig. 4 ). For IGFBP-3 and IGFBP-6, there appear to have been differential losses of 3R duplicates, whereas all IGFBP-1, IGFBP-2, and IGFBP-5 duplicates that arose in 3R seem to have been preserved (Table  1) . Our finding of 9 -11 IGFBP genes in teleosts suggests that the identification of four IGFBP in yellowtail, Seriola quinqueradiata, i.e. one each of IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-5 (25), will likely be followed by the identification of additional family members.
The advantage of using both sequence and chromosome criteria, whenever possible, to determine gene identity is that assignment of orthologs will become easier. A few misidentifications seem to have been published already for IGFBP in teleost fish, which is not surprising considering their several additional IGFBP genes compared with tetrapods. Ortholog identification and gene naming are particularly difficult for teleost fish lineages that have undergone a fourth tetraploidization, for example the salmonid and carp/goldfish lineages, which have doubled their genomes independently (40, 41) . Species in these lineages can be expected to have more IGFBP genes than the 11 copies found in stickleback. The claimed identification of IGFBP-1 through IGFBP-6 in rainbow trout (17) does not include a true IGFBP-3 ortholog but rather two IGFBP-2 coorthologs (a and b) according to our phylogenetic analysis (data not shown). Surprisingly, no duplicates from the fourth tetraploidization were reported in rainbow trout. Likewise, a recent report on IGFBP-2 in the common carp, Cyprinus carpio, described just a single form (24) , although two are known in its close relative zebrafish (Table 1 and Fig. 4 ). There may potentially be as many as four IGFBP-2 coorthologs in the carp. Our sequence analyses and phylogenetic trees may be used as a guide in the identification and naming of currently unknown IGFBP family members in species such as yellowtail, rainbow trout, and carp.
In the tetrapod lineage, there may also have been a few differential losses. An IGFBP-3 sequence could not be identified in the frog genome database, and IGFBP-6 appears to be missing in chicken, zebra finch, and frog. The IGFBP-6 gene is present in the majority of sequenced mammalian genomes; those few genomes where it has not been found, including opossum, are of low sequence coverage or poorly assembled. We have previously noted that this region, including HOXC, in the available opposum genome assembly lacks substantial sequence information (42) . All five teleost species have at least one IGFBP-6 gene. However, the conserved motif in the IGFBP domain (GlyCys-Gly-Cys-Cys) has degenerated somewhat in mammalian IGFBP-6 and even more in teleost IGFBP-6 (see Supplemental Fig. 1 ), suggesting that this subtype has a different role than the other family members and that the lineages that lack this protein may have lost this function.
The identified sequence in the lancelet genome presents both the characteristic IGFBP domain in the N terminus and the thyroglobulin type-1 domain in the C terminus. Our analyses suggests that there is only one IGFBP family member in this cephalochordate.
The presence of two IGFBP genes in the genome of the tunicate Cin (only one was found in its relative Ciona savignyi) (data not shown) could indicate that the local duplication took place in the common ancestor of urochordates and vertebrates. However, our phylogenetic trees suggest that the two tunicate IGFBP genes arose independently in this lineage. Furthermore, the two Cin IGFBP genes are located on separate chromosomes. Neither of them is located on any of the chromosomes that carry the disrupted tunicate HOX cluster, which has been fragmented and spread across several chromosomes (43, 44) .
Neighboring gene families
As mentioned, the IGFBP family genes are located in the well-characterized HOX paralogon consisting of chromosomes 2, 7, 12, and 17 in the human genome (16) . In Fig.  4 , we have illustrated the evolution of this genomic region and included four neighboring gene families, EGFR, Ikaros, DLX, and HOX, whose phylogenies have been reported previously and are consistent with the evolution of the IGFBP family.
The EGFR/ERBB family consists of four members called EGFR, ERBB2, ERBB3, and ERBB4 in humans. The topology of the phylogenetic tree published by Stein and Staros (37) shows four distinct clusters formed by each of the human genes and their tetrapod and teleost orthologs. The tree was rooted with the single sequence from Cin as well as several other invertebrate sequences. We investigated the chromosomal locations of the EGFR/ERBB genes in the species included in our study of the IGFBP genes (Supplemental Table 1 ). These are consistent with an expansion in 2R. Two of the four members, ERBB3 and ERBB4, have duplicates that arose in the teleost tetraploidization (Fig. 4) .
Ikaros is a family of zinc-finger transcription factors whose evolution has recently been described in detail (38) , taking into consideration both phylogenetic analyses and chromosomal locations in relation to neighboring gene families, such as the EGFR/ERBB family. The Ikaros family has four members in the human genome, named Ikaros family zinc finger protein genes 1 through 4 (IKZF1-IKZF4), and an expansion in 2R is suggested as the main mechanism forming this family. However, in contrast to IGFBP, only one of the four Ikaros members, IKZF4, has preserved duplicates from 3R. IKZF3 seems to have been lost in zebrafish, although it is present in stickleback.
The DLX family has six members in tetrapods, forming three pairs located on three of the four chromosomes, Hsa2, Hsa7, and Hsa17. The evolution of this family is well characterized, and whole-genome duplications are described as the main mechanism for its expansion (16).
Interestingly, just like for the IGFBP family, an ancestral pair seems to have been present before the genome doublings. Three of the six DLX genes have duplicates resulting from 3R.
Some of the IGFBP genes in the teleost fish have become separated from the HOX clusters as shown in Fig. 4 . Only two out of seven HOX-bearing chromosomes in stickleback still have linkage to IGFBP genes (chromosomes XII and XVI). Note also that stickleback chromosome VI displays conserved synteny with both Hsa2 and Hsa7. In zebrafish, three chromosomes still display IGFBP-HOX linkage (chromosomes 9, 11, and 23). This lower degree of conserved linkage in teleosts is not surprising, because numerous chromosomal rearrangements are known to have occurred in this lineage (45) . The chromosomal linkage between the HOX-clusters and the IGFBP genes is however preserved in chicken (data not shown) and mammals.
Functional implications
The rapid expansion of the IGFBP family from two to six members in 2R and the retention of all six IGFBP in placental mammals (most of them are also retained in other vertebrate classes) suggest that each of the six family members has evolved unique functions by neofunctionalization or subfunctionalization. Likewise, the IGFBP duplicates resulting from the teleost-specific tetraploidization (3R) may have provided evolutionarily important advantages that have contributed to their retention. Indeed, recent functional and molecular studies reveal that the duplicated zebrafish IGFBP genes have evolved divergent gene expression patterns and distinct biological properties by partitioning of ancestral regulatory motifs and structural domains, i.e. subfunctionalization. For instance, the two zebrafish IGFBP-2 genes exhibit very distinct gene expression patterns, whereas their protein functionality remains largely unchanged (26) . The duplicated zebrafish IGFBP-1a and IGFBP-1b genes have evolved changes in protein structure modules that alter their IGF binding kinetics (20) . Likewise, the duplicated zebrafish IGFBP-5a and IGFBP-5b may have evolved distinct biological properties by partitioning of ancestral structural domains and exhibiting nonoverlapping expression patterns during embryogenesis (21) .
The sequence characteristics of the N-terminal IGFBP domain and the C-terminal thyroglobulin type-1 domain are conserved across vertebrates. The IGFBP domain is approximately 60 amino acids long from its first to its last cysteine. It has twelve cysteine residues that are conserved in all vertebrate sequences that we have found, as well as in the tunicate and lancelet sequences, with the exception of IGFBP-6, which has 10 cysteines in mammals and eight in teleosts. Four of the cysteines are clustered in the conserved octapeptide motif Gly-Cys-Gly-Cys-Cys-Xxx-XxxCys (GCGCCXXC). It is in this motif that IGFBP-6 in mammals has lost two cysteines (see Supplemental Fig. 1) , and the whole motif has been lost in IGFBP-6 of teleost fish. It will be interesting to see in future studies what structural elements or interactions that differ between IGFBP-6 and the other IGFBP types.
The C-terminal thyroglobulin type-1 domain is approximately 75 amino acids long. IGFBP-3 and IGFBP-5 have the highest identity to each other in this domain, 59%, whereas IGFBP-1 and IGFBP-5 only share 31% of the positions. This domain contains six cysteines, two of which are found in the tetrapeptide motif Cys-Trp-CysVal (CWCV) that is conserved among all IGFBP proteins in all vertebrates as well as tunicates and lancelet. Our analyses show that the last of the six cysteines has been lost in IGFBP-3b of teleost fish, resulting in and odd number of cysteine residues (see Supplemental Fig. 1 ). It is possible that this may allow formation of an IGFBP-3b homodimer or a disulfide link to other proteins.
The central variable region displays no obvious shared features among the various IGFBP types but displays typespecific sequence conservation between species. One notable type of feature is the presence of consensus sites for N-linked attachment of carbohydrate groups to asparagines in target motifs Asn-Xxx-Ser/Thr in IGFBP-3. Our alignment shows that one such attachment site is conserved in all IGFBP-3 sequences, indicating an important role. We found one carbohydrate site Asn-Asn-Ser that is conserved in all IGFBP-4 sequences. Also, two cysteine residues are conserved in the central domain of all IGFBP-4, sequences suggesting an internal disulfide bond that is likely to confer a specific three-dimensional structure upon this domain. A few additional potential attachment sites for N-linked carbohydrates are present in other IGFBP, for instance in the central domain of IGFBP-5a in two fish species and in the thyroglobulin type-1 domain of two IGFBP-2b sequences (see Supplemental Fig. 1) .
Interaction with the integrin receptor ␣5-␤1 has been reported to occur for IGFBP-1 via an RGD motif (46) close to the C terminus of the thyroglobulin type-1 domain in the mammalian sequences. This interaction may lead, among other things, to enhanced cell migration in wound healing (46) . Our alignment shows that the RGD motif in IGFBP-1 is not conserved across vertebrates but rather seems to be a unique mammalian feature (Supplemental Fig. 1 ). Also IGFBP-2 has the RGD motif but was initially reported not to interact with integrin (47) . It was subsequently demonstrated by mutagenesis that the RGD motif in IGFBP-2 is required for induction of cell mobility (48) but not for growth inhibition (26, 49) . Our alignment shows that this RGD motif is conserved throughout the vertebrates investigated, including both IGFBP-2a and IGFBP-2b in the teleost fish (Supplemental Fig. 1) . We also noted an RGD motif in IGFBP-4 of fugu, green spotted pufferfish, and stickleback as well as in IGFBP-3b of fugu. These would be interesting to investigate with regard to possible integrin receptor interaction. The RGD motif in IGFBP-3b of fugu may have arisen independently.
The IGFBPs are proteolytically cleavaged at several sites by multiple proteases, including cathepsin D, calpain, thrombin, and plasmin. Studies have largely been performed with the human proteins, and almost all of the cleavages occur in the variable central region (50 -52) , resulting in lower affinity for the IGF. Although some of the reports claim that the IGFBP cleavage sites are conserved, our alignment across a broader range of species allows us to conclude that most of the cleavage sites are variable across IGFBP types and across species, sometimes even among placental mammals. Only a few sites show conservation between mammals and teleost fish.
It has been reported that IGFBP-3 and IGFBP-5 (53), as well as IGFBP-6 (54), have consensus motifs in the thyroglobulin type-1 domain that mediate localization to the cell nucleus by importin binding. The fact that these three IGFBP types share this property agrees with their duplication from a common ancestor after the ancient local gene duplication (Fig. 4) , suggesting that nuclear localization arose before 2R. The nuclear localization signal consists of a cluster of basic amino acid residues (54), and 10 Lys and Arg residues are highly conserved in IGFBP-3 and IGFBP-5 across vertebrates. Our sequence analyses show that some sequences have diverged, most notably zebrafish and stickleback IGFBP-3a, which have lost two of the basic residues, although different ones, from this sequence, perhaps indicating less efficient transport into the nucleus. The IGFBP-6 sequences in mammals also have eight basic residues, and only seven exist in the teleost fish, possibly indicating lower nuclear localization.
Distinct preference for either IGF-I or IGF-II is another possibility for functional specialization of the various IGFBPs that would be interesting to explore, particularly in teleost fish that have duplicates of both of the IGF. An example of this are the duplicate IGF in zebrafish, where the IGF-II duplicates seem to have arisen in 3R, whereas the origin of the additional IGF-I copy is more enigmatic (55) .
Conclusions
Our study is based on detailed identification and annotation of IGFBP family genes in a wide variety of species, phylogenetic analysis of the IGFBP family and three syntenic gene families, chromosomal information showing conserved synteny around the HOX gene clusters, and similarity between chromosomal regions within each species. Taken together, the data strongly support our conclusion that the IGFBP family expanded by chromosomemediated duplications of an ancestral IGFBP gene pair. In addition, our identification of a larger number of IGFBP sequences, several of which were previously unknown or scarcely studied, and our comparative sequence analyses help identify conserved and therefore potentially important amino acid motifs for interactions with other proteins or structures. This is of interest, because the early origin of the IGFBP subtypes in vertebrate evolution suggests that each has evolved unique functions after the duplications, either by neofunctionalization or subfunctionalization. Our analyses not only provide a consistent and parsimonious scheme for the evolution of the IGFBP family but also clarify the nomenclature and distinguish orthology (species homologs) vs. paralogy (gene duplicates). This evolutionary scheme should greatly facilitate the assignment of IGFBP sequences from additional species to their correct type.
